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Thickness dependence of ac losses in circular disks of YBa 2Cu3O7 films
in perpendicular magnetic fields
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The ac losses in three disk-shaped YBa2Cu3O7 ~YBCO! films, which were deposited on SrTiO3 by
the pulsed-laser-deposition technique and had thicknesses,d, of 0.2, 1.0, and 3.0mm, were
measured in perpendicular applied ac magnetic fields to;0.14 T at 10 Hz in liquid nitrogen. The
losses at low fields were found to be a strong function of the film thickness. The measured losses
were compared with the theoretically calculated losses. The ac losses calculated using a
field-independent critical-current density, the Bean model@J. R. Clem and A. Sanchez, Phys. Rev.
B 50, 9355~1994!#, agreed very well with the 0.2-mm-thick film, while the calculated losses agreed
well with the measured ones when a field-dependent critical-current density, the Kim model@D. V.
Shantsev, Y. M. Galperin, and T. H. Johansen, Phys. Rev. B61, 9699~2000!#, was used for the films
of thickness 1.0 and 3.0mm. However, a surprising discrepancy was found in the values ofBc and
B0 for thinner YBCO films depending on whether they were determined by ac or dc measurements.
Bc is defined asBc5m0Jc(0)d/2, B0 is the characteristic field in the Kim-model critical-current
densityJcK(Ba)5Jc(0)/(11Ba /B0), andJc(0) is the critical-current density at applied magnetic
field Ba50. © 2004 American Institute of Physics.@DOI: 10.1063/1.1630695#
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I. INTRODUCTION

With the continued impressive development1,2 of so-
called ‘‘coated conductors’’ using a high-critical-temperatu
superconductor, YBa2Cu3O7 ~YBCO!, a number of applica-
tions such as power transmission cables, transformers,
tors, and generators are being planned using these con
tors. In these devices, ac losses in the superconductors
play a very important role in determining their efficienci
and thus their technological viability. Furthermore, the p
pendicular component of the ac magnetic fields in these
vices dominates the losses in most cases, since these Y
conductors are made in the form of thin tapes with la
aspect ratios.1,2 Thus, it is important to understand the beha
ior of YBCO films in perpendicular ac magnetic fields. Pr
viously, we reported measurements of ac losses in 1mm
thin-film YBCO circular disks in perpendicular ac applie
magnetic fields. We found that the losses agreed very w
with the theoretically calculated losses using the K
critical-current model, as long as the field penetration aro
the circumference was uniform on the scale of a few ten
of a mm.3,4 The calculated losses based on the Bean criti
current model5 were also shown to agree well with the me

a!Author to whom correspondence should be addressed; electronic
mas@bnl.gov
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sured ones at low fields. Since both of these theories pre
a strong dependence of the losses on the thickness o
films at low fields, and the critical-current densitiesJc of
YBCO films are known to decrease significantly as the thi
ness increases from;0.2 to a fewmm,6,7 it is of interest to
investigate the thickness dependence of the losses. Her
report on measurements of the losses in YBCO films in p
pendicular ac fields as a function of film thickness from 0
to 3.0 mm, and on analysis of the losses using the abo
theories.

II. EXPERIMENTAL PROCEDURE

All of the films, 0.2, 1.0, and 3.0mm thick, were pre-
pared on 10310 mm2 SrTiO3 substrates by a pulsed-lase
deposition~PLD! technique under similar conditions as d
scribed elsewhere.8 For the measurements of the losses,
films were patterned into circular disks of diameter of;5.3
mm using a photolithography technique. The loss meas
ments were performed at 10 Hz and in liquid nitrogen at;77
K. The measurements were made by placing the specim
in a pickup coil in a susceptibility arrangement placed in
Cu-wire wound magnet. The details of the measurem
method were described in Ref. 3. The self-field transp
critical-current densitiesJcs of similarly processed films
were also measured using narrow strips (240mm36 mm) at
il:
© 2004 American Institute of Physics
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209J. Appl. Phys., Vol. 95, No. 1, 1 January 2004 Suenaga et al.
;75 K. In addition, the dc magnetization of the same spe
mens used for ac loss measurements was measured in
perconducting quantum interference device magnetomet
77 K to determine the dc magnetic-field dependence ofJc to
compare with that deduced from ac loss measurements
order to ensure the uniformity of the entire area of the film
observations of the flux penetration around the circum
ence of the disks were made using a magneto-optical im
ing technique in dc magnetic fields and at various tempe
tures. An example of such images is shown in Fig. 1 fo
film of thickness 3.0mm at 4.2 K during the initial magnetic
flux penetration. An image taken at this temperature
shown, since the images are much brighter at low temp
tures. Although the flux penetration front in this film was n
completely uniform, a macroscopic smoothness of the fr
of the order of a few tenths of a mm is sufficient for th
application of the ac loss theories to the measured losse
demonstrated previously.3

III. RESULTS, ANALYSIS, AND DISCUSSION

The measured lossesQ(Ba) in J/m3/cycle for these three
films are shown in Fig. 2 as a function of the peak amplitu
Ba of the applied ac magnetic field. As clearly seen in t
figure, the losses at low fields greatly decreased as the
thickness increased. However, the differences in the lo
diminished at high fields. In order to understand the stro
thickness dependence of the losses, as well as the ge
behavior of the loss characteristics of these films, we h
compared the measured losses with theoretical predicti
Also, a theoretical analysis of the loss data was made
order to compare the properties of the films determined
both ac and dc measurements. To make the compar
transparent, we express the losses in normalized f
QN(Ba) as

FIG. 1. An example of magnetic field penetration in a 3.0-mm-thick YBCO
disk observed by a magneto-optical imaging technique, indicating that
film is magnetically uniform.T54.2 K andBa5100 mT. The film’s diam-
eter is 5.2 mm and the bright semicircular trace is the edge of the film.
flux penetration at the locations A and B are due to small defects at the
due to fabrication of the disk. Also, small black speckles are due to def
in the indicator films.
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QN~Ba!5@Q~Ba!/~pBa
2/m0!#~3pd/8R!, ~1!

whered andR are the film thickness and radius, respective
The last factor in Eq.~1! arises from the demagnetizatio
factor for a thin circular disk in a perpendicular magne
field. In Figs. 3–5, the normalized experimental losses
compared with the theoretically calculated losses using
field-independent Bean model5 and the field-dependent Kim
model.4 In order to compare the calculated losses using
Bean model with the measured losses, the applied fieldBam

at which the measured normalized losses were at maxim
was matched with the field at the maximum of the calcula
losses for each specimen. For the comparisons of the lo
with the calculated losses using the Kim model, we used
asymptotic expressions for low- and high-field regions3

QN~Ba!>~Ba /Bc eff!
2/p, Ba /Bc eff!1, ~2!

QN~Ba!5~BcB0 /Ba
2!ln~11Ba /B0!, Ba /Bc@1,

~3!

whereBc eff5Bc(12aBc /B0), a is a constant equal to 0.36 fo
the Kim model,4 Bc5m0Jc(0)d/2 is the characteristic field
for thin films, andB0 is the characteristic field in the Kim
model, JcK(Ba)5Jc(0)/(11Ba /B0). Also, by comparing
the losses that were numerically calculated in the previ
article3 and those that were determined using the ab
asymptotic expressions, we noted that the field ranges
are valid for application of the asymptotic expressions
Ba /Bam,;0.25 and.;5 for low and high fields, respec
tively. We used these criteria to determine the quality of
ting of the asymptotic expressions to the loss data in extr
ing the values ofBc andB0 . However, the quality of the data
at the fieldsBa /Bam,;0.25 became poor at very low field
because of the limited sensitivity of the loss measureme
Hence, the fitting procedure was used with only the hig
field expression, Eq.~3!, for the films of thickness 0.2 and
1.0 mm. In the case of the 3.0-mm-thick film, the loss data
were not available at sufficiently high fields (Ba.;5Bam)
to apply Eq.~3!. Hence, in this case an ac magnetization lo

is

e
ge
ts

FIG. 2. The ac lossesQ(Ba) ~in J/m3/cycle! measured at 10 Hz and 77 K in
perpendicular ac magnetic fields as a function of applied ac field amplit
Ba ~in T! for YBCO films having thicknesses of 0.2, 1.0, and 3.0mm.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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was used to determineJc(Ba). Then, a least-squares metho
was used to fit the KimJc model to the experimentalJc(Ba)
in order to deduce the values ofBc and B0 . Using these
values in Eqs.~2! and~3!, we calculated the losses and com
pared them with the experimental losses. However, beca
of background noise, the quality of the ac magnetizat
loops for the 0.2 and 1.0-mm-thick films was so poor that we
could not use these loops for a similar analysis. The value
Bc andB0 deduced by the above methods from ac meas
ments were then compared with those from dc magnetiza
and self-field transport measurements.

As shown in Fig. 3, the ac losses calculated from
Bean model5 for the thinnest film agreed well over a wid
magnetic-field range of the measurements except at the h
est fields. In this theory, the applied field amplitudeBam at
which QN(Ba) is at its maximum is related to the characte
istic field Bc by Bc5Bam/1.94. SinceBam57.8 mT, Bc

54.0 mT. The small deviation between the calculated a
the measured losses at very high fields is most likely du
a weak field dependence ofJc in the film. Hence, we used
Eq. ~3! to calculate the losses at high fields withBc andB0 as
fitting parameters. The best fit of the calculated losses to
data forBa.;5Bc was obtained with the values of 4.2 an
90 mT for Bc and B0 , respectively. TheBc determined by
this fitting procedure is seen to be in good agreement w
the above value obtained using the Beam model. Also,
large value ofB0 indicates a weak field dependence ofJc , as
expected from the observed generally good fit between
loss data and the Bean model calculation. The losses ca
lated using Eq.~3! with these values are also shown in Fig.
Using the average value ofBc54.1 mT, we calculateJc(0)
;3.331010 A/m2 for the 0.2mm film. However, this value
is substantially smaller than the self-field transport critic
current densityJcs(0) (5.231010 A/m2) measured at 75 K
for a similarly processed 0.2mm film. It is not clear why
such a large discrepancy exists between the values ofJc(0)

FIG. 3. Measured normalized lossesQN(Ba) ~open symbols! for a 0.2-mm-
thick film as a function of applied fieldBa compared with numerically
calculated losses using the Bean-model critical-current density~solid curve!
and the fitted high-field approximation@Eq. ~3!# for the Kim-model critical-
current density~dashed curve!.
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determined by the ac loss and the self-field transport m
surements, since magneto-optical imaging indicated that
film was uniform over the entire area. This question will
addressed in the latter part of this article by comparing w
similarly derived results for the other two films.

In Fig. 4, we compare the losses for the 1-mm-thick films
measured in this and our previous study.3 As seen in the
figure, the values and the field dependence of the normal
losses are nearly identical in the two films. The close sim
larity in the data is quite intriguing considering the fact th
these two films were synthesized by two totally differe
methods, i.e., a PLD and a so-called BaF2 process.9 The
losses calculated using the Bean model deviate substan
from the measured losses for higher fields, indicating that
Jc of this film has a strong field dependence. The nume
cally calculated losses from our previous work3 are also
shown, indicating a close agreement with the measu
losses for both films when the Kim model for the fiel
dependentJcK is used for the calculation. The values ofBc

andB0 deduced from the numerical calculation were 16 a
56 mT, respectively. Although the calculated and measu
losses generally agreed very well, there is a small discr
ancy between them at high fields. Hence, we applied Eq.~3!
at high fields to determine the characteristic fields for t
film. The values ofBc and B0 so obtained were 14 and 6
mT, respectively, which agrees quite well with those o
tained from the numerical calculation. The value ofJc(0)
calculated from the average of these two values ofBc is
2.431010 A/m2. Comparing this with the result obtaine
from a self-field transport measurement,Jcs(0)53.2
31010 A/m2 at 75 K for a 1.1-mm-thick similarly processed
film, we see that there still is a significant difference betwe
the values determined from the ac-loss and dc self-fi
transport measurements.

As shown in Fig. 5 for the 3.0-mm-thick film, the devia-
tion of the losses calculated using the Bean model from
measured losses became more significant, indicating tha
field dependence ofJc became stronger as the film thickne
increased. The losses calculated with the Kim model us

FIG. 4. Normalized lossesQN(Ba) for 1.0-mm-thick films prepared by PLD
and BaF2 processes compared with calculated losses using the Bean~dashed
curve! and Kim ~solid curve! critical-current models.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the asymptotic expressions given in Eqs.~2! and ~3! are in
good agreement with the measured losses, as also show
the figure. The parametersBc andB0 in the expressions ar
determined from an ac magnetic hysteresis curve taken
part of the loss measurements. First, the values ofJc(Ba)
from the magnetization were calculated by a stand
method from a magnetization loop,Jc(Ba)5(3/2R)
3DM (Ba)10 whereDM (Ba) is the width of the hysteresis a
Ba . Then,Jc(Ba) was obtained by using the least-squares
to the Kim modelJcK(Ba) for ;0.03 T.Ba.0.1 T, and
Jc(0) was determined by extrapolating the Kim model e
pression toBa50. This extrapolatedJc(0) was used for cal-
culating Bc , since the direct deduction ofJc(Ba) from
DM (Ba) does not provide correct values ofJc(Ba) for Ba

,Bc .4 As shown in Fig. 6, the Kim expression provided
good fit to the data over the field region selected with
fitting parametersB0533.4 mT andJc(0);2.131010 A/m2

FIG. 5. Normalized lossesQN(Ba) for a 3.0-mm-thick film ~open symbols!
as a function of applied ac field amplitudeBa compared with numerically
calculated losses using a Bean critical-current density model~short dashed
curve! and losses calculated using the asymptotic expressions, Eqs.~2! and
~3!, for the Kim critical-current model~solid and long dashes!.

FIG. 6. Critical-current densities of a 3.0-mm-thick YBCO film. The solid
circles showJc(Ba) deduced from the ac magnetic hysteresis and the s
curve is a fitted current density using the Kim model withJc(0)52.1
31010 A/m2 andB0539.6 mT.
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(Bc539.6 mT). In contrast to the two thinner films dis
cussed above, this value ofJc(0) is in good agreement with
the self-field transport value of 2.031010 A/m2 at 75 K for a
similarly processed 3.5-mm-thick film.

As described above, in general the theoretical pred
tions of ac losses in thin superconducting YBCO films
perpendicular fields agreed very well for the entire fie
range of the measurements if the field dependence of
critical-current density was incorporated into the loss cal
lation. For the 0.2mm film, we found that the Bean mode
based ac loss calculation also provides a good quantitativ
to the normalized losses. There are two reasons for t
First, we foundJc to have a weaker dependence uponBa for
the 0.2mm film, i.e., the value ofB0 in the Kim model was
larger. Second, becauseBam , the field at the maximum of the
normalized losses, is proportional to the film thickness,
experimental values ofBa required to fully display the loss
maximum were lower for the thinnest film, and for the
values ofBa , Jc(Ba) was closer toJc(0). As noted above,
there are surprisingly large and puzzling discrepancies in
values ofJc(0) obtained by the ac loss and the dc self-fie
transport measurements for the films with thicknesses of
and 1.0mm. In order to pursue this question further, w
calculated the values ofBc andB0 for these films from the
Jc(Ba) determined from dc magnetization loops for the
films. TheJc(Ba) determined from dc magnetization curve
at 77 K are shown in Fig. 7. In order to determineJc(0) and
B0 , we also used a least-squares method to fit to theJc(Ba)
data with the Kim model for the regions of magnet
0.02 T<Ba<0.1 T for all of the thick films. TheJc(Ba)
curves obtained from this fitting procedure are also shown
Fig. 7. As shown in the figure, the quality of the fit for th
0.2 mm film was poorer than those for the 1.0 and 3.0mm
films. A fitting quality factor for the 0.2mm film was R
50.9935 while those for the 1.0- and 3.0-mm-thick films

d

FIG. 7. Critical current densitiesJc(Ba) determined from dc magnetization
measurements~open symbols! and the calculatedJc(Ba) by fitting the Kim
model~solid curves! for three films. The values used to calculateJc(Ba) by
fitting the Kim model areJc(0)56.0931010 A/m2 and B050.030 T,
Jc(0)53.231010 A/m2 andB050.018 T, andJc(0)52.5531010 A/m2 and
B050.023 T for the 0.2-, 1.0-, and 3.0-mm-thick films, respectively. (Jc is
divided by 2 for the thinnest film.!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. Characteristic parameters of YBCO films.

Thickness~mm! Jc(0) (1010 A/m2) Bc(mT) B0(mT)

aca dcb dcc ac dcb dcc ac dcb

0.2 3.3 4.3 5.2 4.0d/4.2e 5.4 6.5 90e 17
1.0 2.44 3.2 3.2 14e 20 20 65e 18

1.0 (BaF2) 2.55 ¯ ¯ 16f,g
¯ ¯ 56f/80g

¯

3.0 2.1 2.55 2.0 39.6g 48 37.6 33.4g 23

aCalculated from the values ofBc5m0Jc(0)d/2 determined by ac loss analysis or ac magnetization.
bCalculated from a dc magnetization measurement.
cFrom dc transport measurements at 75 K andBa50 T on similarly processed films.
dFrom fitting the losses calculated using the Bean model~see Ref. 5! to the loss data.
eFrom fitting the normalized losses at high fields using Eq.~3!.
fFrom the previous article by a numerical fitting procedure~see Ref. 3!.
gFrom an ac magnetization loop.
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wereR50.999 58 and 0.999 26, respectively. These extra
lated values ofJc(0) from the fittedJc(Ba) were taken, and
these were used to calculateBc . These values ofJc(0), Bc ,
and B0 from dc magnetization measurements are listed
Table I to compare with those obtained by the two oth
methods, ac loss and magnetization measurements an
transport measurements. It should be noted here that the
trapolated values ofJc(0) have some ambiguities when th
particular model, in this case the Kim model, which w
used in the fitting procedure, for the field dependentJc(Ba)
does not precisely fit the experiment data in the field regi
of interest since the extrapolation to theBa50 is significant
as shown in Fig. 7.

In general, the values ofJc(0) or Bc determined by dc
transport and dc magnetization measurements agreed
well with each other, while those obtained from ac measu
ments differed significantly from the dc-derived values
the thinner films, 0.2 and 1.0mm, but agreed well for the
3.0-mm-thick film. This discrepancy is related to the degr
of the dependence ofJc on the applied magnetic fieldBa .
This is clearly illustrated by the values of the characteris
field B0 in the Kim model. The value ofB0 determined by dc
magnetization changed only from;17 mT for the 0.2mm
film to ;23 mT for the 3.0mm films, while the value ofB0

determined by ac loss measurements changed from 90 t
mT for the same films. One possibility for this difference
the presence of flux creep, which could be significant
YBCO at elevated temperatures. However, this is not a lik
source of this unusual observation, since the dc values oJc

are greater than the ac values, contrary to what one exp
for flux creep. We do not understand this puzzling pheno
enon at this time, but the implication of this surprising res
is that we cannot calculate ac losses for very thin superc
ducting films from knowledge of its dc critical-current de
sity Jc(Ba) nor its dc magnetic hysteresis loop.

Another interesting aspect of the magnetic field dep
dence ofJc(Ba) of the films determined from dc magnetiz
tion measurements, shown in Fig. 7, is the difference in
shape ofJc(Ba) at low fields. For the 1.0 and 3.0-mm-thick
films, the magnetization-derivedJc(Ba) deviated from the
Kim-model fits at low applied fields, while this was not o
served for the 0.2-mm-thick film. This variation can be un
derstood in terms of Fig. 3 of Ref. 4, where the assum
Jc(Ba) for the Kim model and an exponentialJc(Ba) model
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were compared with theJc(Ba) calculated using the expres
sion,Jc(Ba)5(3/2R)3DM . HereDM was calculated from
the magnetization curves derived from the above assu
Jc(Ba). The figure shows that the assumedJc(Ba) and the
Jc(Ba) derived fromDM deviated for applied fields below
Bc in the same manner as shown in Fig. 7 for the 1.0 and
mm films, whereJc(Ba) from the Kim model deviated from
the experimentalJc(Ba) from dc magnetization. For thes
films, the values ofBa where the deviation becomes notic
able are approximately these films’Bc values, in agreemen
with the calculations of Ref. 4. For the 0.2mm film, Bc is
very small at;4–6 mT, as shown in Table I, and it becom
experimentally difficult to observe the rounding ofJc(Ba) by
dc magnetization nearBa50.

Let us return to Fig. 1 and discuss the source of the la
differences in the low-field losses among the films with d
ferent thicknesses. Since the normalized losses at low fi
are given byQN(Ba);(Ba /Bc)

2/p for the Bean model and
by QN(Ba);(Ba /Bc eff)

2/p for the Kim model, the losses
Q(Ba) @see Eq. ~1!# are proportional toBa

4/@Jc
2(0)d3#.

Hence, the losses at low fields have a very strong dep
dence on the thickness, and the losses for the 3.0mm film are
over two orders of magnitude lower than those for the 0
mm-thick film, even though itsJc(0) is larger than that for
3.0-mm-thick film. If we use the values ofJc(0) in Table I,
we find that the ratio of the calculated losses in the 0.2 a
3.0mm films is approximately 43102 at Ba53 mT, and this
is in good agreement with the difference in the losses
tween these films shown in Fig. 1. At high fields, since t
fields penetrate the entire specimen, the above difference
to the film thickness diminishes, and the losses ultimat
become independent of the film thickness and proportiona
RJcBa and RJc(0)B0 ln(Ba /B0) in the Bean and the Kim
model, respectively, and this is what is observed in Fig.
Thus, this clearly illustrates that the thickness of a film is
dominant factor in determining the losses in low fields wh
applied fields are perpendicular to the film.

IV. SUMMARY

The ac losses in circular YBCO films having thickness
of 0.2, 1.0, and 3.0mm were measured in perpendicular ma
netic fields. The general behavior of the ac losses in th
films was well described by the theory developed by Sha
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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sev, Galperin, and Johansen4 which included the field-
dependentJc in calculating the losses. As predicted by th
theory, as well as the theory using the Bean model,5 the
importance of the film thickness was clearly demonstrate
determining the losses at low fields. However, as shown
viously, it is essential to include a field-dependent critic
current density in the theory to describe the high-field beh
ior of the losses. Also, a surprising discrepancy was fou
for thinner films in the values ofBc andB0 determined by ac
and dc measurements. At this point, the causes for this
crepancy are unclear.
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